As part of a biomechanics course aimed at upper-division biology and physics majors, but applicable to a range of student learning levels, this laboratory exercise provides an insight into the effect of shape on hydrodynamic performance, as well an introduction to computer aided design (CAD) and 3D printing. Students use hydrodynamic modeling software and simple CAD programs to design a shape with the least amount of drag based on strategies gleaned from the study of natural forms. Students then print the shapes using a 3D printer and test their shapes against their classmates in a friendly competition. From this exercise, students gain a more intuitive sense of the challenges that organisms face when moving through fluid environments, the physical phenomena involved in moving through fluids at high Reynolds numbers and observe how and why certain morphologies, such as streamlining, are common answers to the challenge of swimming at high speeds. 
Introduction
Minimizing the energy needed to move through a fluid is a challenge shared by organisms spanning a wide range of size, speed, and taxonomic identity. Though evolution has led to a myriad of strategies to accomplish this, including mucous coverings [1] and microtopography [2] , the easiest one to investigate for those starting off in the discipline of biomechanics is the overall shape of the organism. This lab is designed to provide a fun and engaging hands-on competitive experience that highlights the effect of shape on basic hydrodynamics. In addition, it provides an opportunity to introduce additive manufacturing and computer aided design (CAD), both of which are critical tools in many scientific disciplines.
How the shape of an organism affects its ability to move through a fluid medium can vary considerably with the size and velocity of the organism. Very small and slow creatures are greatly affected by the viscosity of the medium and the frictional forces generated by its contact with their surfaces, a phenomenon known as 'skin friction'. Thus, the shape of a ciliate or a very slow moving larva may not be nearly as important as the total surface area they present to the surrounding fluid. As either the size or velocity increase, and therefore momentum, skin friction becomes less important compared to the pressure differentials created between the front and rear of the organism. Disruption and separation of the smooth flow of fluid over the body of the organism leads to turbulence and areas of low pressure that place a retarding force on the organism known as 'form drag'. Determining which of these scenarios an organism resides in is possible by calculating a parameter known as the Reynolds number (Re), which describes the balance between inertial forces of a moving object compared to the viscous forces imparted by the fluid on the object. As Re approaches and passes values of 1, we move from an environment where skin friction is paramount to a situation where the shape increases in importance (figure 1).
It is the higher Re regimes that we are most familiar with due to our large size and relatively speedy movement. Watching a swimmer dive into a pool of water and observing how they effortlessly glide for multiple body lengths without any further expenditure of energy clearly illustrates that inertial forces far outstrip the viscous forces on the swimmer's body. As both air and water are fluids, and can therefore be treated similarly once we account for their viscosities and densities, we are joined in this regime by a host of other organisms including birds and fish. Regardless of their mode of locomotion, or whether they move or the fluid moves around them, many of these organisms share a basic streamlined shape that they have converged on from multiple evolutionary pathways: sharp nose, broad waist and long tapered tail [3] . This starting point has then been infinitely varied to suit the needs of different feeding styles, environments, body parts and other evolutionary constraints. Though students instinctively understand that this is a form that facilitates speed, they often have little knowledge or intuition regarding how variations in this form affect its performance. Changes in the fineness ratio (length to width), placement of the shoulder (widest part), or the shape and number and placement of fins or other protuberances, can all affect the fluid flow over the body and therefore the drag the body experiences.
Though living organisms have extraordinary capabilities to build complex shapes to extreme tolerances, most students do not. Creating even the simplest tube with a constant diameter, not to mention a radially-symmetrical nose or tail is difficult if not impossible in clay, foam, wood, metal, or any other readily available material without special training and equipment. Though some shapes are available from supply houses, modifying them beyond these starting points creates the same issues as starting from scratch. The advent of affordable, consumer-grade 3D printers makes creating perfect custom shapes not only practical but surprisingly easy and exciting for the students. Free software such as Tinkercad (www.tinkercad. com) combined with these printers (many <$500) allow students to create shapes with sub-mm tolerances quickly and inexpensively (cents per shape). Additionally, students can develop a basic understanding of a technology that is making huge impacts in medicine, engineering and even art [4] [5] [6] .
The laboratory exercise described below was designed for an undergrad course in biomechanics taken by a mixed group of both biology and physics majors. It takes the form of a contest where students compete to produce the most hydrodynamically efficient form (as determined via a water-filled drop tank) within a given set of parameters. This provides students with a chance to apply their basic knowledge of hydrodynamics (boundary layers, turbulence, laminar flow, drag etc) in a game-like environment where they can quickly see the results of their work, troubleshoot their mistakes and gain a better understanding of how small changes in shape can make large differences in performance.
Experimental procedure
Students were provided with a set of rules regarding their shape's design:
(1) Length < 0 cm × width <2.5 cm (2) Internal volume > 30 cm 3 (3) Shapes must be hollow with walls only one layer thick (this is a printer setting) (4) It must have ~0.5 cm diameter holes at each end.
The size of the shapes was set to minimize hydrodynamic interactions with the drop-tank's walls, while the holes were mandated to allow the shapes to fill with water (and so eliminate airinduced buoyancy) and be placed on a guidewire. Aside from these requirements, students were left to their imaginations to design their own shape, or borrow from nature any way they wished.
Before turning the students loose on the 3D design software, they were provided with an iPad based simulation app called WindTunnel (Algorizk) to rapidly test 2D cross sections. This app allows students to draw and modify shapes on the screen while determining the drag force created under different flow conditions (figure 2). The app is limited by its lack of numerical settings regarding velocity and viscosity of the fluid (each is controlled by a numberless slider) but still gives the students the opportunity to quickly see the effect of orientation, tapering, shoulder position etc on drag before taking the time to produce it in three-dimensions. Recently a new version (WindTunnelCFD), that allows more control over the numerical values of the fluid, has been released but has not been tested in relation to this exercise.
Once students had an idea what they wanted their prototype to look like they moved to TinkerCAD. This free software is available as a download to be used directly on a desktop, or via a web browser. By adding, subtracting, fusing, cropping etc it is possible to make fairly complicated forms using an intuitive drag and drop interface requiring minimal instruction or supervision before the students were able to use it. Once complete, the designs were sent to the printer after a quick approval by the instructor.
We used a Makerbot2 printer (Makerbot Industries) to print the models out of polylactic acid (PLA), an inexpensive, starch-based biodegradable plastic. The software takes minimal training to use and the students were mesmerized watching their design appear before their eyes. As models only took ~30 min to print, it was possible to change designs and print new versions quickly and easily. Some students found printing issues with their designs such as toppling and warping and had to modify them before they could be tested in the tank. These kinds of translation issues from in silico to real life are common and an important part of learning how to use new technology.
Once all students had a design printed we ran an initial set of data collection runs in the drop tank. The tank was a 152 cm tall × 12.5 cm diameter, clear acrylic tube sealed at the bottom and filled with tap water. A weighted monofilament line was dropped into the center of the cylinder, threaded through a model, and then placed over a pulley centered over the top of the cylinder (figure 3). The model was then submerged to allow all air to leave through its top hole. Once filled, the model was released just below the water's surface to fall freely down the line. The guideline's purpose was primarily to simplify retrieval of the model, but it also served to keep models from moving too close to the wall of the tube and thus be subject to boundary-layer induced drag [7] that would be impossible to isolate from the drag produced by the shape itself.
The velocity of the model was determined by recording the time it took to transit a delineated 70 cm length of the tube. The location of the timed portion was determined in pre-tests to be below the depth at which terminal velocity was reached for test models. Shorter times meant faster speed, which was assumed to be due to less drag (differences in mass were negligible and did not correlate with velocity between models in pretests). Velocities can be determined via an inexpensive webcam or cellphone recording both the fall and a stopwatch simultaneously. Though we found this simple system to be sufficient, a more careful analysis of the video using software, such as Tracker (Douglas Brown) or Video Physics (Vernier) that measures differences in position between frames, can be used. For in-class tests each student timed each fall using stopwatches (all students had one and we averaged the times) as they were projected live on the classroom's screen. This kept keep everyone engaged and part of the process. For later tests of fineness ratio and shoulder position (see below) we analyzed the velocity using Tracker.
After the initial tests, students were encouraged to revise their designs using what they saw from their own and classmates' performances. Many made small tweaks but a few came up with entirely new designs, added or subtracted fins, or even changed forms altogether. These new designs were then tested in a final classtime competition where each form was dropped three times and averaged to determine the winner (i.e. fastest time). Since student designs included many combinations of different features such as fins, bumps, grooves etc, drawing specific conclusions regarding the efficacy of any one feature independently was impossible. We therefore decided to run an additional experiment where just two factors were manipulated to determine their effects on drag: fineness ratio and shoulder position. Using the same rules as the original competition we created a series of models that first varied fineness ratio (length: widest width), and then using the fastest of those, shoulder position (placement of the maximum width).
Ten different fineness ratios were tested (1:1 to 5.5:1) and nine shoulder positions (10, 20, 30, 40, 50 60, 70, 80, and 90% of the distance from the front) ( figure 1(B) ). Fineness ratio models were of ellipsoidal shape that reached a constant width within 10% of the model's length. Shoulder position models comprised two rounded cones whose point of intersection was modified to move the widest portion (shoulder) forward or backwards while maintaining constant length. Five different models were produced with each model being dropped in a right-side up and upside down position after being weighed. Thus, the model used for the 10% shoulder position was also the one used for 90%, just upside down. Each model was dropped five times, from which the average velocity was calculated and subsequently the Re:
where ρ is fluid density, ν is object's velocity, L is the length of the object, and µ is the fluid viscosity. 
Results
The winning student's design took its inspiration from a natural form, namely the squid (figure 4). The student abstracted the generally fusiform body of the squid with its trailing arms to create a rather aesthetically pleasing and hydrodynamically efficient form. The followup experiments on simpler forms provided very clear data that matched predictions from the literature.
(1) Fineness ratio showed a logarithmic relationship between increasing fineness ratio and velocity with an asymptote around 4:1 (figure 5).
(2) Trials varying the position of the shoulder indicated that a 40% position produced the fastest velocity amongst all models tested, with velocity decreasing as the shoulder moved for or aft of that position (figure 6). The relationship between directional movement of the shoulder and velocity was roughly symmetrical, however moving the shoulder aft appeared to have slightly less of an effect than moving it forward the same amount. This indicates that the optimal position may have been farther aft than 40% but less than 50% (the next ordinal location). Additionally, masses of models were found to vary by less than 10% and no consistent relationship was found between mass and velocity (Linear regression: df = 1,7 F = 1.03 p = 0.34), thus reinforcing our conclusion that differences in performance were due to morphology and not differences in the model's buoyancy.
Discussion
This laboratory was extremely well received by the students, whose engagement went above and beyond our expectations. For example, though we had originally planned on the students using a different program for designing their forms, the students themselves discovered and switched to the superior TinkerCAD, teaching themselves how to use it. Furthermore, students spent a considerable amount of time outside of class working on their designs, with some asking to print a new prototype every day as they discovered the possibilities and limitations of the printing process. Watching the student's look of amazement as their ideas grew to reality in front of them on the printer was inspiring.
To keep the students centered on the concepts we wished to emphasize, each student's final shape had to be accompanied by a one-page explanation of the design elements, whether based in biology or physics, from which they drew their inspiration. The students' writing showed that they had a firm grasp on the concepts and phenomena we discussed in class.
Students tended to split into two camps, with half going for a more missile-like design with stabilizing fins, and the other half choosing a more organic form. The biology-inspired designs included ones based on fast swimmers such as tuna or, in the case of the winner, a squid, both of which were examples presented in class. Some designs featured other hydrodynamic aspects covered in class such as surface textures [8] and even attempts at introducing internal pathways for water to exit the form halfway down its length [9] , in an attempt to stabilize the boundary layer around the form and delay flow separation (a significant cause of form drag due to the subsequent area of low pressure in the wake).
The results of the additional experiments run on fineness ration and shoulder position indicated that not only can this protocol be used to produce inexpensive models to illustrate important aspects of biomechanics, but also that our results match those predicted from the literature and physical first-principals. Fineness ratio, the ratio of an object's length to width at its widest point, is something whose effect most of us can intuitively predict and see examples of all around. Longer objects (submarines, airplanes) slip more easily through the water or air than more spherical ones. This is due to the reduction in the size of the lowpressure wake produced behind the object. The larger the area of low pressure, the greater the imbalance with the positive pressure at the front of the object and the more effort that must be put into overcoming that negative net force (opposite of the direction the object is moving).
While friction between the object and the surrounding fluid is a factor, at the Re numbers for our models, (~10 4 ) any change in the surface area of the objects was small compared to the effect of the turbulent wake, at least up to a fineness ratio of 4:1. At ratios >4 we observed an asymptotic levelling off of the velocity which may reflect both a limit to how much the wake size can be minimized and the increasing skin frictional force as the surface area increases. A ratio of 4.5 is often considered the best shape for a given volume but there can be wide variation from this ideal. In our test of the position of the shoulder we found that locating it ~40% along the length provided the optimal streamlining. This agrees with examples from nature including seals and dolphins [10] .
We fully recognize that the students' designs and the results of our follow-up experiment represent a simplification of the forms found in nature, and students often ask why all organisms have not evolved to have the most efficient fineness ratio, or shoulder position. Questioning the lack of optim ization in nature provides a fruitful opportunity to discuss the types of constraints that organisms face beyond hydrodynamic constraints, important though they may be. For example, fish such as herring that use ram feeding cruise with their mouths open, engulfing water which is then filtered internally for small prey. This of course has severe implications for the hydrodynamics of the fish, but the extra energy needed to move with the mouth open is worth it for the energetic benefit of feeding. Another example can be found in the copepod, a small crustacean that makes up a significant foundational portion of many aquatic ecosystems. Copepods are small (1-3 mm) usually slow swimmers, relying on the viscous nature of water at low Reynolds number to create feeding currents that draw phytoplankton to them via cilia on their large antennules. While one would not expect them to have a streamlined body considering their lifestyle, further investigation shows that on occasion they can produce rapid accelerations up to several body lengths a second, quickly shifting to a high Re number existence and hence benefiting from (and therefore adapting to have) a streamlined shape [11] . Further, the very act of propelling yourself through the water, without the use of a propeller, introduces a tradeoff, as a fish's tail both provides thrust, but also introduces drag as it moves out of the line of the fish's body and creates the turbulent wake created by introducing momentum to the surrounding fluid. Finally, an organism's ancestry may also constrain its form as illustrated by otters, whose unusually long bodies are the result of their weasel lineage [12] . An understanding of an organism's phylogeny, ecological niche, and physical environment, are all necessary pieces of information if we are to understand why evolution has led it to its current form, even if it seems less than ideal hydrodynamically.
We feel that this exercise is very approachable for students from different backgrounds, and can easily be modified for different grade levels depending on the level of sophistication that the hydrodynamics is taught (e.g. overall form, texture, aspect ratios, shoulder position, biological constraints on engineering principles). Additionally, many educational levels can benefit from the opportunity to introduce a burgeoning manufacturing process, as well as different aspects of scientific inquiry (controlled experimentation, quantitative analysis, replication, prototyping, etc). Working at the interface of biology and physics was instrumental for students in both disciplines to see how each could help inform and provide an application for the other. This type of interdisciplinary collaboration is becoming more and more common in science and industry and we feel it is an important part of a well-rounded and student-centered scientific curriculum.
